ABSTRACT
INTRODUCTION
Many ordinary traits such as morphology, behavior, physiology, development and susceptibility to common diseases are controlled by multiple genes and quantified by multiple measurable parameters. These are called multigenic or genetically complex traits. Most traits are genetically complex because genetic backgrounds tend to modify the phenotypic expression of most Mendelian traits (Nadeau, 2001 ). The phenotype modification occurs when expression of one gene alters the phenotype normally conferred by another gene. It is proposed that the study of modifier genes is an effective method to simplify the analysis of complex traits (Matin and Nadeau, 2001) . In statistical genetics, the modification phenomenon appears as an interaction among multiple loci, e.g., epistatic interaction between loci mapped in different positions (Le Voyer et al., 2000; Ko et al., 2001; Shimomura et al., 2001; Yoshikawa et al., 2002) . For the prediction of possible modification phenomena, it is important to consider potential interactions among loci by integrating multiple mapping results. In other cases, it is also necessary to consider the combination of multiple loci elucidated from independent experiments, because it is often expected that the alteration of each gene functioning in the same biological cascade causes similar phenotypes or modulates the extent of the phenotypic expressions (Vockley et al., 2000; Cozma et al., 2002) . Integration of multiple mapping results is also important for the description of most traits, because it is often the case that a trait, especially if it is disease-related, is quantified by multiple measurable parameters. For example, susceptibility to diabetes is modulated by several parameters including risk factors, such as insulin and glucose levels in blood. In the course of elucidating the genes responsible for a given trait, each measurable parameter represents an aspect of the trait, and is genetically mapped independently. Consequently, the integration of the mapping result from each parameter is necessary. The integration of multiple mapping results is valuable for multiple analyses of complex traits. For a flexible integration of multiple mapping results, we present an XML (eXtensible Markup Language) representation as a container of genetic mapping results.
In the post-genome sequencing age, bioinformatics-based estimation schemes of potential modifier genes based on biological databases have increased in importance, because it is usual for a defined minimal interval to be restricted to no <10-30 cM in primary genome screens by genetic linkage, even though large human family collections or experimental crosses have been tested. This makes the functional analysis of each gene an impossible task since researchers would have to check a large number of candidate genes in a region, which corresponds to about 20 cM and is likely to contain 20 Mb DNA and 200 or more genes and some 60 000 common variants [mostly single nucleotide polymorphisms (SNPs)] with around 1000 coding sequences (McCarthy, 2002) . Furthermore, in multigenic cases, all combinations of candidate nucleotide variants in single or numerous genes must be identified and functionally tested (Glazier et al., 2002; Nadeau, 2003) . Therefore, the following conditions must be satisfied by any estimation system.
(1) Integrating several mapping results from different experiments. (2) Dealing with combinations of two or more loci that affect the same or similar traits. (3) Finding candidate bio-networks of responsible genes contained in the loci.
In previous works, the G2D database (Perez-Iratxeta et al., 2002) was developed as a scoring system for the possibility of relations between functional features and phenotypic features based on ontology terms and MeSH terms. However, it is difficult for G2D to deal with multiple interacting loci, because it does not take into account networks of genes. Also, it does not integrate multiple mapping information and bio-networks, and does not satisfy the above-mentioned conditions. In order to satisfy these conditions, it is necessary to represent mapping results of publications as XML-based computer readable data records, and to integrate and combine them with molecular-level information such as information on networks of biomolecules.
The OMIM™ (Online Mendelian inheritance in Man™, http:// www.ncbi.nlm.nih.gov /entrez /query.fcgi?db=OMIM) database makes it possible to search the list of known human genes and genetic disorders of interest. The database contains textual information and references, links to MEDLINE, and links to related resources such as protein and nucleotide information available from public databases. Users can seek information about the relationship between genes and disorders, and validate the evidence of genes of interest. In the OMIM™ database, however, it is difficult to express regions of genetically mapped loci as a graphical chart of LOD (Log of odds ratio) values, because loci are simply represented by locus names only. On the contrary, the TraitMap database expresses LOD charts based on the XML representation, and makes it possible to integrate mapping information flexibly. TraitMap is the first original database of mapping charts in genetics. Also, TraitMap fulfills the conditions. Here we present the TraitMap database system, an effective tool for the estimation of candidate networks responsible for genetically complex traits.
SYSTEM AND METHODS
The distinctive feature of the TraitMap data records is that the original mapping results, including graphical shapes of LOD values obtained from genetics analyses, are straight-forwardly represented in the records, and can be reused for further computational analyses. We adopted XML for the TraitMap data format to contain references, gene and marker positions, LOD value graphs, candidate or identified genes, and other necessary information. It was found that the variety of published information differs in each paper, and flexibility of representation was required. In an XML representation, it is easy to add extra information by adding new elements to the common format.
The TraitMap database is accessible and searchable through the genome ↔ phenome superhighway (GPS) system. The GPS visualizes various annotations based on either one-or two-dimensinal (1D or 2D) genomic-coordinate axes. For example, along with a 1D genomic-coordinate axis, the existence of genes in an arbitrary chromosomal interval is displayed, and simultaneously expression levels of the genes are visualized by color brightness. A user can flexibly specify any chromosomal intervals in horizontally and vertically aligned axes by directly inputting the locations from the keyboard or by mouse-dragging. While viewing an interval on a chromosome, it is possible to retrieve TraitMap records with LOD peaks within the chromosome and to visualize the peaks on the 1D or 2D axes. For each axis, the GPS visualizes simultaneously, three different mapping results distinguished by red, green and blue LOD graphs. Thus, at most, six independent mapping results can be analyzed simultaneously by the system. The GPS is also capable of filtering genes by keywords specified by a user and it actually displays only filtered genes. The GPS has been implemented as a web application comprising Java servlets on the server-side computers, and FLASH (version 6) modules running on the web browsers of the client-side computes. 
The TraitMap XML format
We have defined the TraitMap XML hierarchical structure (version 1), which is categorized by the following six elements: 'trait,' 'observation,' 'method,' 'gene,' 'mapdata,' and 'reference.' The detailed TraitMap XML format is available as supplementary information. In the TraitMap XML records, positional information is represented only by identifiers of markers or genes. The physical locations of the markers are not included in the original records, because they are changeable and dependent on the frequent update of genomic sequences. Thus, the physical locations are determined and maintained by the GPS, when relating data is updated.
Biomolecular networks
The GPS framework is used for the integration of TraitMap data records and bionetworks ranging from genomic to phenomic levels, based on the omic space concept Wada, 2003, 2004) . The GPS system contains biomolecular relationship data generated from co-citation frequencies of gene names in PubMed abstracts. For each pair of genes, we calculated the iLOD value (for details, see Toyoda and Wada, 2004 ) based on co-citation frequencies among the gene names, and on an arbitrary key-concept term ('type 2 diabetes,' 'cardiovascular disease,' etc.) describing the phenotypes. GPS also contains the physical location of genes and markers based on the Ensembl database (Hubbard et al., 2002) . Therefore, it is possible to compare the mapping records with biomolecular networks on the same coordinates in the system (Fig. 1) .
In GPS, metabolic pathways from the KEGG (Ogata et al., 1999) database are also incorporated, and visualized by a sophisticated viewer, GSCope , by which it is possible to analyze DNAmicroarray data on pathways, and also to rank pathways based on microarray data (for details of microarray analysis with GSCope, see http://gscope.gsc.riken.go.jp). The whole system is suitable for estimating promising candidate responsible genes as networks.
RESULTS
We have defined the format as described above and have created a total of 120 mapping records (at March, 2004) in Arabidopsis thaliana (11 records), Homo sapiens (23 records) and Mus musculus (86 records) so far, and have accumulated them in the TraitMap database as shown in Table 1 . The GPS system provides keyword search to retrieve the TraitMap data records. For example, the hit lists searched by the keyword 'plasma apoB' is shown in Fig. 3a. A user of the system can browse the detailed contents of the records by clicking on the unique accession number in the list, and can select only necessary records for the following integrative and visual analyses. One of the advantages of the TraitMap format is that it deals not only with 1D mapping results where the statistical analysis takes into account only single-locus model, but also with 2D mapping results where the statistical analysis takes into account digenic interactions, such as heterogeneity or epistasis, between multiple distinguished loci.
Integration of mapping results
Integrative visualization of TraitMap records is achieved by using GPS as shown in Figs. 2-4. Examples of integrating multiple independent mapping results are shown in Fig. 2 and the following sections.
Case 1: Multiple loci of the same mapping
When analyzing quantitative trait loci (QTL), it is often observed that multiple loci affecting the same quantitative trait are found by genetic mapping. Although the identification is based on the additivity of individual loci contributing to the trait, it is natural to hypothesize that some of the responsible genes of the loci may be related to identical biomolecular pathways, because it is often likely that the alteration of genes functioning in the same biological cascade causes similar phenotypes or modulates the extent of phenotypic expressions in a similar fashion (Vockley et al., 2000; Cozma et al., 2002) . By utilizing the 2D display of the GPS system, a pair of different loci of the same mapping result is theoretically integrated as illustrated in Fig. 2 (case 1) . The crossing area of both loci corresponds to the candidate pairs of causative genes in the molecular-level mechanism. The details of the integration of the crossing area with bio-networks are discussed in section 3.2.
Case 2: Comparison of independent mapping
It is important to compare independently-conducted mapping results of the same or similar traits, because this may help to narrowing down the candidate regions or estimates of whether the compared traits are commonly affected by the same genes Fig. 1 . Integration of TraitMap records and bionetwork data. Based on the mapping results of research papers, TraitMap XML records with relational information to public databases are created. As shown in the center of the figure, GPS provides a retrieval system of the records, which are visualized in 1D or 2D presentation. As shown in the left of the figure, molecular-level bionetwork data are generated from various resources. In the lower part of the figure, the 2D superimposition of the records and bionetwork data is shown by using the GPS window.
or not. TraitMap greatly facilitates this kind of analysis. As illustrated in Figure 2 (case 2), where independent mapping results are superimposed on the same coordinate axis, it is possible to narrow down the candidate regions by selecting overlapping common regions of the two maps. On the other hand, comparing two maps may be helpful for estimating whether the compared traits are commonly affected by the same genes or not, because mapping results of traits affected by the same gene or pathway will overlap more often than is the case for random pairs.
Case 3: Combining loci from independent mapping
It is a valuable analysis strategy to combine independent mapping results of similar traits. It can be expected that the alteration of those similar traits may be a result of the same gene or closely related genes, because it is often expected that the alteration of each gene functioning in the same biological cascade causes similar phenotypes or modulates the extent of the phenotypic expressions (Vockley et al., 2000; Cozma et al., 2002) . Integration of independent mapping results on a 2D window is conceptually illustrated in Figure 2 (case 3). For instance, interactions of loci are theoretically generated by a combination of two 1D QTL results derived from independent experiments of the same or similar traits, as shown in Figure 3b , where a green-colored (plasma apoB level of 8-week old) locus on mouse chromosome 4 (Chr4) placed in the horizontal direction is projected onto the vertical direction in the 2D window, and a red-colored (plasma apoB level of 12-week old) locus on mouse Chr6 placed in the vertical direction is projected to the horizontal direction in the window (Ko et al., 2001) . The crossing area of the two loci is shown as overlay with mixed colors in Figure 3b .
Case 4: epistatic interaction of loci
An epistatic interaction between two loci is genuinely 2D information, and mapped as a rectangle in the 2D window as shown in Figure 3c . In early stages of estimating candidate genes, it is natural to expect that the epistatic interaction of the loci is a result of closely related genes whose molecular-level functions may have been already reported in the literature, based on an assumption that the trait is affected by a common pathway (Cozma et al., 2002) . By superimposing mapping results and biomolecular interactions on the same 2D window, an estimation of candidates is effectively conducted, as discussed below in 3.2.
Integration of bionetworks
In the GPS, it is possible to superimpose molecular-level interactions (or networks) on several mapping results, as shown in Figure 1 . Candidate pairs of causative genes are displayed as dots overlapping the crossing areas of horizontally and vertically mapped loci. As shown in Figure 4 , the GPS displays the iLOD values by the gradation of colors (red: high, blue: low).
Case 5: estimation of disease-related network
Here we demonstrate an analysis of a phenotypic-level interaction between two traits: the non-HDL cholesterol level and a susceptibility to insulin resistance. Patients with type-2 diabetes have greatly increased cardiovascular disease risk compared to nondiabetic patients, and non-HDL cholesterol is a significant predictor of cardiovascular disease in diabetic individuals (Lu et al., 2003) . In order to estimate the molecular-level bionetwork responsible for this phenotypic-level interaction observed in human, we integrated mapping results of two research papers reporting mapping studies of cardiovascular disease and diabetes in mice. In this case study, we used two TraitMap records created from independent reports. One record used was about plasma levels of non HDL-cholesterol in blood as a trait of cardiovascular disease (Sehayek et al., 2003) . The other record we used was an analysis of blood insulin levels of insulin receptor heterozygous mutant mice, as a susceptibility to insulin resistance (Kido et al., 2000) , because the most common contributing factor of type-2 diabetes is a combination of resistance to insulin action and an inadequate insulin secretory response. As the result of superimposing the two mapping results and the corresponding bionetwork data (Fig. 4) , it was confirmed that many molecular-level interactions (gene-gene relationship based on co-citations in PubMed abstracts) were located on the overlapping area of both traits' loci, both of which were mapped with high LOD values (Fig. 4b,c) . These interactions are candidate gene pairs responsible for the phenotypic-level interaction, because each of the interactions represents a functionally a b c Fig. 3 . The TraitMap database integrated in the GPS system. (a) A hit list of TraitMap records retrieved by a keyword search (keyword='plasma apoB'). At the first (respectively second) hit record, a green (respectively red) icon is checked in the 'H' (respectively 'V') column, specifying that the record should be displayed on the horizontal (respectively vertical) axis. (b) Visualization of the two mapping records. A QTL peak of the first (respectively second) hit record is shown in green (respectively red) along with the horizontal (respectively vertical) axis and is projected as brightness of green (respectively red) color in the black 2D window. (c) An epistatic interacting loci displayed on the 2D window as a green rectangle, each side of which corresponds to the locus. (Toyoda and Wada, 2004) or the degrees of the co-citation frequencies of the gene names in the literature (red: high, blue: low), where a key-concept term 'type 2 diabetes or cardiovascular disease' was used. (a) Genome-wide 2D presentation of mapping records: susceptibility to insulin resistance measured as blood insulin levels of insulin receptor heterozygous mutant mice (red, horizontal) and non-HDL cholesterol level (green, vertical) . (b) Chromosome-wide 2D superimposition of the mapping records and bionetworks. The relationship between Irs1 (respectively Capn10 or Calpain 10) on horizontal Chr1 and Lepr on vertical Chr4 is ranked at the 2nd (respectively 1st) highest iLOD value among 390 relationships in the regions (where LOD > 2.0). (c) The relationship between Irs1 on horizontal Chr1 and Pparg on vertical Chr6 is ranked at the highest iLOD value among total 296 relationships in the regions (where LOD > 2.0). related pair of a gene in a cardiovascular-related locus and a gene in a diabetes-related locus. Among those, it is worth focusing on two interactions as most promising candidates of the causative pathways. One is an interaction representing the existence of the relationship between Irs1 (insulin receptor substrate 1) and Lepr (leptin receptor) located on mouse Chr1 and Chr4 respectively (Fig. 4b) , and the other is between Irs1 and Pparg (peroxisome proliferators-activated receptor-gamma) located on Chr6 (Fig. 4c) . Irs1 is a candidate gene for insulin resistance (Kido et al., 2000) . Lepr and Pparg are candidate genes in the intervals of loci for non-HDL cholesterol (Sehayek et al., 2003) . A molecular-level relationship of Lepr and Irs1 was reported in which Leptin, which binds to Lepr, modulates insulin activities including tyrosine phosporylation of Irs1 (Cohen et al., 1996) . Meanwhile, Jiang et al. (2004) reported that Pparg agonist reduces Irs1 serine phosphorylation in vitro and in vivo. Taken together, these results indicate the possibility that the above genes interact at the molecular level and may be responsible for the phenotypiclevel interaction. Even though the phenotipic-level interaction was observed in only human and may not be observed in mice, the entire estimation demonstrated here is still valuable, because it is highly expected that both species share many conserved syntenic regions and bionetworks, and the shared bionetwork may cause the phenotypic-level interaction only on the genetic background of humans.
DISCUSSION
The multidimensional integration of genetically mapped loci and biomolecular networks was first presented by Toyoda and Takigawa (2000) as a bioinformatics-based methodology to determine priorities for genes to be investigated in multiple intervals. This approach was based on the hypothesis that in polygenic diseases, genes causing similar phenotypic effects have a higher possibility of being related, such as being involved in the same physiological pathway, than being unrelated, i.e. the relationship of genes showing locus heterogeneity or epistasis could, more often than not, be found in known bionetworks (Toyoda and Takigawa, 2000) . The integrative approach of the TraitMap system here is also based on this methodology. In a similar way, Cozma et al. (2002) manually searched the PubMed database and successfully identified c-Myc and Cdc25A as highly suggested modifier genes for Apmt mammary tumor latency in mice. Later, a comprehensive ranking of candidate gene pairs for the Apmt loci based on the omic-space approach was demonstrated (Toyoda and Wada, 2004) . As shows the case-5 study, the molecular-level relationship of Lepr and Irs1 was reported in 1996 which was earlier than the report of the phenotypic-level interaction (Lu et al., 2003) . This case supports the methodology that the accumulating knowledge of bionetworks provides candidate pathways of phenotypic-level interactions observed in genetics. These examples indicate the feasibility of the estimation strategy (Toyoda and Takigawa, 2000) . In the post genomesequencing age, high-throughput analyses of biomolecular network are well underway. The effectivity of this strategy will increase with the amount of network knowledge that is available. In other words, the TraitMap and GPS systems will have an increasingly beneficial effect on exploring genes of interest. The integration of mapping databases and bionetwork databases will promote the speed of discovery of genes for multigenic traits and enable us to carry out a high-throughput review of candidate genes from a network viewpoint. To facilitate such an approach, we presented TraitMap, a database of genetic mapping results collected from published journals by biology experts. TraitMap enhances the utility of mapping results for the prediction of candidate genes controlling both monogenic and multigenic traits.
